The datasets generated and/or analysis during the current study are not publicly available due to protect the privacy of people living with HIV/AIDS but are available from corresponding author on reasonable request.
Introduction
In the past several decades, HIV/AIDS is still one of the leading health problems worldwide [1] . Thanks to the era of universal scaling-up antiretroviral therapy (ART), more and more people living with HIV (PLHIV) nowadays have received ART as suggested by WHO regardless of their CD4+ T-lymphocyte (CD4) counts [1, 2] . Although a proportion of PLHIV with access to ART have a life expectancy similar to the general population, the increased mortality of many PLHIV still can't be ignored. So, an in-time accurate forecast of the death risk amongst PLHIV is crucial for clinicians and health care providers to perform effective PLHIV administration [3] .
Several studies have shown that some laboratory indicators are closely related to the mortality of PLHIV and other HIV-related comorbidities [4] [5] [6] . For example, Bansi et al. [7] suggest that alanine transaminase (ALT), albumin, alkaline phosphatase (AP) and haemoglobin (HB) to be used to predict mortality risk of PLHIV. Moreover, the platelet-associated index is reported to be closely related to the disease progression of PLHIV and still found to be a predictor of PLHIV combined with community-acquired pneumonia (CAP) mortality [6, 8] . In practice, a single indicator is often insufficient in predicting the prognosis of the disease and does not achieve satisfying results. However, the combination of several independent indicators may highly improve predictive effectiveness.
Since multiple risk factors of HIV/AIDS-related mortality have been identified, some scoring systems have been formulated to predict mortality [9] [10] [11] , unfortunately, there is no universal and widely recognized applicable scoring system to predict the mortality of PLHIV who underwent ART.
In recent years, more and more researches have focused on laboratory testing indicators to predict survival and prognosis of diseases [12, 13] . For example, several risk factors have been formulated base on baseline data of PLHIV on ART to assess short-term disease prognosis [14] [15] [16] , however, few available predictive models are well validated. As a simpler, more intuitive and advanced approach, nomogram is more and more commonly used in the prognostic analysis. It simplifies the predictive model to the probability of an event. Besides, it also provides a user-friendly interface for clinical usage [17] . Though prognosis nomogram models for predicting the death risk of PLHIV have been developed and validated based on previous studies, the performance is unsatisfied. For instance, Margaret et al. [18] have developed a nomogram model with the concordance index (95% CI) of 0.75 (0.74, 0.81) in the training set and 0.69 (0.59, 0.77) in the validation cohort. This nomogram model can't be unsatisfied, but far from excellent. As far as we know, few previous studies have formulated prognosis models of PLHIV receiving ART with satisfied discrimination and excellent calibration. Depending on common laboratory and clinical indicators of 12 years of follow up from the AIDS Prevention and Control Information System (AIDS-PCIS) in the Wenzhou area, we aimed to develop a simple and effective nomogram scoring system (NSS) to foresee the personalized death risk of PL-HIV. To improve the robustness and reliability of our conclusion, a propensity-score matching (PSM) approach was applied at a 1:4 ratio to determine the participants, in which a case (dead PLHIV) was matched by age and gender with 4 controls (alive PLHIV). To make our findings more credible, the enrolled study participants were then randomly split into a training and another separate validation sets, depending on the block, at a ratio of 7:3 without replacement. The association between the presence of death and potential prognostic factors from both clinical and laboratory data were comprehensively analysed within the training set. Besides, the effect on the performance, discrimination and calibration of the nomogram model were thoroughly assessed based on the training and validation set, respectively. Meanwhile, the performance of the NSS has also been assessed by a decision curve analysis. Potential overfitting has also been well considered in the current study. The individual survival probability of each participant was obtained by the nomogram based on the training set, and extensively validated in a separate validation set.
Methods

Study design
The data used in this study were extracted in 3733 PLHIV from the AIDS Prevention and Control Information System (AIDS-PCIS) [19, 20] during the 12 years of follow up in the Wenzhou area. Participation has been approved by the ethics committees of the Wenzhou Centre for Disease Control and Prevention (CDC). All participants identified in the AIDS-PCIS would receive a combination ART regimen containing at least 3 antiretroviral drugs [21] . Follow-up began after starting ART in which each PLHIV was visited by per three months strictly following the current clinical guidelines until December 31, 2018, and the antiviral drugs were distributed free of charge [22] . The inclusion criteria were as follows: 1) Having complete laboratory blood tests before receiving ART; 2) Being visited at least once; 3) Living in Wenzhou area including temporary residents; 4) Over 15 years old; 5) Being identified from January 2006 to December 2018. The survival time was defined as the duration from receiving the first ART to death or December 31, 2018. At the end of the 12 years' follow-up, 150 PLHIV died due to HIV/AIDS-related diseases and were determined as the cases in this nested case-control study. To improve the comparison and the stability of the results to some extent, the cases and controls were matched by the age and gender at a ratio of 1:4 using a propensity score matching (PSM) approach [23] . As a result, a total of 750 subjects, consisting of 150 dead and 600 alive PLHIV, were identified in the current study, and classified into 150 blocks, which were then randomly split into a training set and another separate validation set at a ratio of 7:3. The flowchart of recruitment participants is shown in the supplement Fig. S1 .
Clinical information and laboratory reports
Data on demographics and clinical characteristics of participants were collected in a face-to-face investigation manner at their enrolment or extracted from their medical records utilizing a structured questionnaire specifically designed for AIDS-PCIS. The information included age, sex, height, weight, marital status, occupation, history of the sexually transmitted disease (STD), disease stage, the origin of identification, the world health organization (WHO) clinical staging, infection pathway and others. Body mass index (BMI) was calculated using the formula: BMI = weight (kg)/height (m)/height (m).
Information on the laboratory test was obtained from Wenzhou CDC or local hospital. The laboratory testing indicators were consisted of CD4+ T lymphocytopenia (CD4), CD8+ T lymphocytopenia (CD8), viral load (VL), white blood cell (WBC), Platelet (PLT), haemoglobin (HB), serum creatinine (CR), triglyceride (TG), serum total cholesterol (TC), fasting plasma glucose (GLU), alanine aminotransferase (ALT), aspartate transaminase (AST), total bilirubin (TBIL) and others. All of these laboratory assessments were conducted at each visit in the central laboratory of local hospitals or Wenzhou CDC by the same trained technicians strictly following the clinical guidelines.
The routine blood biochemical examination such as TG, TC, GLU, CR, AST, ALT and TBIL were applied using the Beckman AU5800 automatic biochemical analyser (BECKMAN COULTER K., Japan). Other blood tests including WBC, HB and PLT were performed using the Sysmex Xe-2100 automatic blood cell analyzer (SYSMEX CORPO-RATION, Japan). Moreover, CD4 and CD8 were determined using the BD FACSCalibur flow cytometer (Becton Dickinson Corporation, USA). VL was assessed using nucleic acid sequence-based amplification, NASBA TM , NucliSens EasyQ KPC (bioMérieux, France).
Ethics statement
The data utilized for the present study were extracted from AIDS-PCIS, which was established by National Centre for AIDS/sexually transmitted disease Control and Prevention of Chinese Centre for Disease Control and Prevention (CCDC) to generate the HIV/AIDS epidemic database with continued enrolment of HIVinfected person. The protocol of AIDS-PCIS establishment had been approved by the institutional review boards at CCDC and informed consents were obtained before the subjects' enrolment. Furthermore, the protocol of the current study was also approved by the ethical review board of Wenzhou Centre for Disease Control and Prevention.
Statistical analysis
As missing values will lead to bias on the results to some extent, multiple imputations were applied to achieve suitable values for those missing data before the data analysis. A sensitivity analysis was also carried out in the current study to evaluate the effect of missing value filling ( Supplement Table S1 ). To improve the robustness and reliability of our conclusion, the enrolled 150 blocks of participants containing 150 dead and 600 alive PLHIV were split into a training set and another separate validation set in a random manner without replacement at a ratio of 7:3. The comparability of the two sets was then evaluated ( Table 1 ). Continuous variables with normal distribution were presented as the mean ± standard deviation (x ± s) and student t-tests were used to infer the differences between the training and validation sets. For those with obviously skewed distribution, median (1st quartile, 3rd quartile) were utilized to describe their features and comparisons in the two sets were carried out with Mann-Whitney U tests. Categorical variables were presented as frequency (proportion) and chi-square or Fisher's exact tests would be applied for their comparisons.
Depending on the training set, univariate and multivariable Cox proportion hazard regression models were used to screen potential prognostic factors and estimate their weights. According to the Akaike information criterion (AIC), we developed a series of different multivariable models. Factors with p-values, which were calculated based on multivariable Cox proportion hazard regression models, over 0.05 were removed from the associated models. Moreover, according to Occam's Law of Razor, the best model for achieving optimal results are models with fewer variables [24] . As a result, a candidate nomogram model with appropriate predictive ability was screened depending on the three most significant risk factors. The predictive performance of nomogram and other models to predict the survival were quantified using the area under the curve (AUC) of the receiver operating characteristic (ROC) analysis and the consistency index (C-index) [25] , and comprehensively evaluated based on the training set and validation set, respectively. It was reported that the c-index, a generalization of the AUC, was developed by Royston and Sauerbrei [26] to represent the probability of the concordance between the observed and predicted survival. The performance of the nomogram was also performed with calibration. Moreover, the clinical utilities of the nomogram were also carefully investigated using decision curve analysis (DCA), Xtile analysis and Kaplan-Meier curves in an independent validation set, respectively to make up the limitations of ROC curves, which could not achieve the best sensitivity and specificity at the same time.
All data management and statistical analyses were carried out using Stata/MP 15 ). All tests were two-sided and P ≤ 0.05 was set as the significant level.
Results
Characteristics of participants
In this PSM based nested case-control study, the characteristics of the 750 PLHIV (525 from the training set and 225 from the validation set) revealed that both sets were similar in all variables (Table 1 ). During the period of follow-up, a total of HIV/AIDSrelated mortality was 73.1 per 1000 person-years in the training 
Nomogram screening depending on the training set
On the univariate survival analysis, a total of 13 factors including CD4, VL and HB were detected to be statistically associated with the mortality of PLHIV depending on the univariate survival analysis ( Table 2) . While in the multivariable Cox proportion hazard regression models in which variables with p-value less than 0.2 were included based on the results of the univariate analysis, we found that only CD4, VL, HB, GLU and CR were directly and independently linked to the HIV/AIDS-related survival time ( Table 2) . To formulate an optimal nomogram model, the individual and combined performances of these five factors were then comprehensively evaluated using ROC analysis. As could be seen in Fig. 1 , the individual AUCs of GLU, CR, CD4, VL and HB were 0.59, 0.51, 0.84, 0.85 and 0.75, respectively. Moreover, ROC curves with the combination1 (CD4, VL, HB, CR, and GLU) and combina-tion2 (CD4, VL, and HB) performed similarly (AUC = 0.94 vs 0.93, χ 2 = 3.165, p-value = 0.075). To simplify the model by including only those most statistically significant variables, GLU and CR were removed from the model because of their relatively small AUC. So, a nomogram for predicting the mortality of PLHIV was preliminarily constructed with three factors containing CD4, VL, and HB (Figs. 1, 2 , and Supplement Table S2 ). The associated concordance index (c-index) was 0.91 (95% CI, 0.86-0.97), which indicated that about 91% of the probability of individual mortality would be correctly predicted by the nomogram model. Furthermore, as could be seen in Fig. 2 , each selected biomarker was assigned a corresponding score according to its value on the nomogram. After calculating the total score, we drew a vertical line using the total score and obtained the individual probability of PLHIV survival. The as- Note: The scores of each variable were added to obtain the total score, and a vertical line was drawn on the total score to obtain the corresponding probability of death. Abbreviations: HB, haemoglobin. sociated scores for the independent risk factors calculated by the nomogram on the corresponding situation were presented in Supplement Table S2 .
Validation of the nomogram based on the validation set
To verify the efficacy of the nomogram to predict survival of PLHIV, we conducted comprehensive validations of the nomogram based on the validation set as follows: First, we determined the c-index with 0.92 (95% CI, 0.82-1.00). Second, as could be seen in Fig. 1 , its associated AUC in the ROC analysis achieved as high as 0.95 (95% CI, 0.91-1.00). Third, calibration curves also displayed high consistency in the prediction of PLHIV's survival time, especially in the first year after receiving ART (Fig. 3 ).
Comparison between nomogram and laboratory test indicators
To further validate and compare the superiority of the laboratory indicators and the nomogram in assessing the survival of PL-HIV, we plotted the ROC curves of CD4, HB, GLU, VL, CR, a full combined model containing these five indicators together and the nomogram (Fig. 1) in the training set and validation set, respec- tively. The ability of each model was assessed by AUC (95% CI). Among them, the AUCs for the nomogram in either the training set (AUC = 0.93) or the validation set (AUC = 0.95) were all significantly higher than those of each laboratory indicator (P < 0.05), which reflects the high diagnostic value of the nomogram model. Moreover, no significant differences in the AUCs between the nomogram and the full combined model were observed in the training set (AUC = 0.93 vs 0.94) and validation set (AUC = 0.95 vs 0.95). So, to simplify the model and achieve the same prediction effect simultaneously, we determined the final nomogram as the model containing VL, CD4 and HB (Fig. 2) .
DCA curve analysis
As was shown in Fig. 4 , whether in the training set or validation set, the nomogram and the full combined model all performed outstandingly in various predictors regardless of the threshold, which ensured to achieve maximum clinical benefit. Overall, the DCA curve indicated that a nomogram was feasible to make valuable and profitable judgments. Furthermore, among the three detected factors included in the nomogram, we also observed that VL was more beneficial than the other two routine clinical laboratory indicators in the prediction of PLHIV survival. Combined group: CD4, VL, HB, CR and GLU; the horizontal axis represents the threshold value, which is the reference probability of whether a patient receives treatment, and the vertical axis represents the net benefit rate after the advantages minus the disadvantages. Under the same threshold probability, the larger net benefit implies that patients can obtain the maximum benefit using the diagnosis of this model. The closer the curve in the DCA graph is to the top, the higher the value of the model diagnosis will be. Abbreviations: DCA, decision curve analysis.
Performance of the nomogram in stratifying risk of patients
In the training set, the total prognostic scores calculated by the nomogram were categorized into three risk groups to predict mortality: low-risk (<112), moderate-risk (112∼) and high-risk (≥166) following the cut-off points detected by the X-tile analysis (Fig. 5) . As compared to the low-or moderate risk population, HR (95% CI) for the moderate-and high-risk categories were 11.33 (5.49, 23.38) and 6.23 (4.11, 9.44) , respectively. In the validation set, the comparisons of the cumulative probability of survival in each category could be found in Fig. 6 . The HR (95% CI) for the moderate and high-risk categories were 20.50 (4.73-88.81) and 11.12 (5.53-22.36) as compared to people with the low-or moderate risk. The Kaplan-Meier curves in both the training and validation sets all clearly disclosed that the nomogram was stable to forecast the probability of survival in PLHIV after receiving ART.
Discussion
Although PLHIV may live longer than before with the widespread usage of ART, accurate prediction of the survival for PLHIV remains to be necessary and a major challenge for health-care providers since it can effectively improve PLHIV's survival. Besides, a prediction helps develop appropriate healthcare for PLHIV and guidelines for HIV/AIDS administration [27] . For clinicians or disease control staff, it is also highly beneficial in the personalized administration of PLHIV and optimizing the delivery of limited health resources [28] . Based on this nested case-control study from a HIV/AIDS cohort in the Wenzhou area, we comprehensively assessed the relationship between some routine laboratory test markers and the mortality of PLHIV. An optimal prognostic nomogram model, containing VL, CD4 and HB, and with satisfying stability and accuracy, for the prediction of PLHIV mortality was successfully developed and carefully evaluated.
Available pieces of evidence suggest that a nomogram can be effective in predicting the prognosis of patients and it's simple and intuitive features are easy for clinical staff to interpret [29, 30] . To the best of our knowledge, the present study is the first report on developing a nomogram to predict the survival probability for PL-HIV using some baseline laboratory testing indicators. In the multivariable Cox proportion hazard regression model, we observed that CD4, HB and VL were all independently associated with the mortality of PLHIV. When the three variables mentioned above were incorporated into a nomogram model, we achieved a bootstrapped corrected concordance index as 0.914 in the training set. A satisfying agreement with good calibration (c-index = 0.917) and high accuracy (AUC = 0.95) was also observed in the independent validation set.
In the present study, the nomogram did not include clinical signs and symptoms such as the WHO clinical stage, which had been reported to be associated with the mortality of PLHIV. The possible reason was that the laboratory indicators were more sensitive in predicting mortality than those clinical signs and symptoms. A previous study has shown that establishing a haematological index to assess the status of disease progression in PL-HIV may be more useful to clinicians than available methods [31] . In recent years, many studies have reported that some laboratory tests are closely related to the death of PLHIV. Engsig et al. [32] found that virally suppressed HIV-positive individuals on ART who do not achieve a CD4 count >200 cells/μL have substantially increased long-term mortality. Shoko et al. [33] also suggested that VL was a better predictor to forecast PLHIV mortality than CD4. A strong association of CD4 at the start of therapy with subsequent survival in PLHIV was also detected [34] . Meanwhile, HB was also independently associated with the survival and progression of PLHIV [7] . Fortunately, our results disclosed that VL, CD4 and HB were also significantly linked to the survival of PLHIV and well consistent with these published findings. Elevated VL and decreased CD4 levels were markers of immune dysregulation and ongoing inflammatory processes, which might induce increased mortality of PLHIV. As can be seen in Supplement Fig. S2 , the higher level of VL the lower survival probability of PLHIV (χ 2 = 380.358, P < 0.001). Meanwhile, we also find that elevated CD4 level is significantly associated with reduced death risk of PLHIV (Supplement Fig. S3a ), which is consistent with previous reports [35] . Furthermore, haemoglobin level was also observed to be independently associated with the mortality of PLHIV (Supplement Fig. S3b ). Possible explanations are as follows: (1) Chronic inflammation contributes to the development of anaemia is observed not only in the general population but also in PLHIV. Previous reports suggest that anaemia is associated with the mortality of PLHIV because of the haematological abnormality [36] [37] [38] [39] [40] [41] . (2) PLHIV with long-term anaemia is commonly due to an unhealthy lifestyle, more likely to have poor treatment compliance, which will largely increase the death risk to some extent. Although ART is an effective measure to reduce the prevalence of anaemia, a large number of PLHIV are still in the trouble of unresolved anaemia persistently or developing to anaemia [42] , this is consistent with our findings. Furthermore, our findings also revealed that VL was the most important predictor with an excellent predictive ability (AUC = 0.8536). It also proved that HIV RNA would be an optimal predictor of long-term mortality than other laboratory markers [33] . However, as a single predictor is highly susceptible to offset, its prediction accuracy would be ineffective, which would greatly limit its results extrapolation [21] . To overcome or avoid the limitation of a single predictor and achieve higher predictive accuracy, we combined three detected predictors to construct a nomogram model in the present study. Our data confirmed that the nomogram was much better in the prediction of PLHIV survival than that of any single predictor in both the training set (AUC = 0.93) and the validation set (AUC = 0.95). Besides, the DCA curve has been commonly used to evaluate the efficacy of specific clinical approaches in many studies [43, 44] . In the present study, we also used the DCA curve to check out the potential clinical effects of the nomogram and our findings showed that the nomogram was more useful than any other indicator in predicting HIV/AIDS related mortality.
Several strengths could be found in the present study. First, our data suggested that the nomogram was a good option to effectively forecast the death risk of PLHIV. Second, to obtain better performance in the actual prediction, we also calculated a total score of the death risk by the nomogram. PLHIV could be classified into different categories according to the cut-off points determined by X-tile analysis. This would be very favourable to promote the precise prevention and personalized health management of PLHIV to maximize cost-effectiveness. Furthermore, our findings came from a PSM-based nested case-control study, in which the cases and controls originated from the same population-based cohort. This study design would be advantageous to reduce the selection bias, improve statistical efficiency, and make our conclusion more robust and reliable.
Limitations also existed in this study. First, the nomogram model was established mainly based on the baseline level of VL, CD4 and HB. As the levels of these three laboratory markers could not maintain stable throughout the whole follow-up period, it would partly affect the accuracy of the prediction, and perhaps the reason of the differences between the predicted and observed mortalities, especially in the 2-or 3-year survivals after receiving ART (Fig. 3) . Fortunately, the differences between the predicted 1-year mortality and the observed one in both the training and validation sets were very similar, which indicated that the baseline laboratory marker-based nomogram was more suitable for the prediction of short-term death risk in PLHIV after receiving ART. Second, several ARTs had been provided to the identified PLHIV during the study period. This would also affect the performance of the nomogram to some extent. As we know, China carried out free ART strategies to HIV/AIDS throughout their lives. However, as the largest developing country with a large number of PLHIV, China could not afford too many kinds of ART strategies, and the commonly used antiviral drugs were limited, which would reduce the impacts due to ART strategies on our findings to some extent. Third, the participants were only from Wenzhou, which might limit the extrapolation of our findings to the whole PLHIV.
In conclusion, our findings suggest that the nomogram constructed by routine laboratory markers can serve accurate and favourable prognostic prediction in the mortality of PLHIV. This may be very beneficial in promoting the precise prevention and personalized administration of PLHIV.
